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How eukaryotes specify their replication origins is an
important unanswered question. Here, we analyze the
replicative organization of yeast rDNA, which consists
of ∼ 150 identical repeats, each containing a potential ori-
gin. Using DNA combing and single-molecule imaging,
we show that functional rDNA origins are clustered and
interspersed with large domains where initiation is si-
lenced. This repression is largely mediated by the Sir2p
histone-deacetylase. Increased origin firing in sir2� mu-
tants leads to the accumulation of circular rDNA spe-
cies, a major determinant of yeast aging. We conclude
that rDNA replication is regulated epigenetically and
that Sir2p may promote genome stability and longevity
by suppressing replication-dependent rDNA recombina-
tion.
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Eukaryotic chromosomes are replicated from multiple
origins, which are activated sequentially throughout the
S phase of the cell cycle. In the yeast Saccharomyces
cerevisiae, as probably in other eukaryotes, most origins
are not used every cell cycle, some of them being totally
silent in normal growth conditions (Fangman and Brewer
1991; Pasero and Schwob 2000). A growing body of evi-
dence indicates that chromosomal context is a major de-
terminant of origin activity (Cimbora and Groudine
2001; Heun et al. 2001; Méchali 2001; Gerbi and Bielin-
sky 2002). However, how chromatin structure modu-
lates origin activity is still poorly understood, and the
biological significance of this regulation remains to be
established.
The ribosomal DNA cluster of S. cerevisiae, which

consists of 100–200 identical copies of a 9.1-kb unit, is an
interesting model system to address these questions. In-
deed, every unit contains a potential origin of DNA rep-
lication (Fig. 1A,B), but only ∼ 20% of these elements

were shown to be active in a single cell cycle (Linskens
and Huberman 1988; Fangman and Brewer 1991). Be-
cause sequences are identical, epigenetic mechanisms
likely control origin activity in the rDNA. However, ow-
ing to its repeated nature, the organization of replicons
in this locus has been difficult to address using conven-
tional approaches and leads to divergent interpretations
(Walmsley et al. 1984; Saffer and Miller 1986).
Here we use novel technologies based on BrdU incor-

poration in yeast and DNA combing to visualize repli-
cation origins on single rDNA molecules. Their distri-
bution is nonrandom and dependent on the conserved
histone deacetylase Sir2p, which is known to silence
transcription and extend life span (Defossez et al. 2001;
Gasser and Cockell 2001). Because yeast aging is linked
to rDNA replication via the formation of extrachromo-
somal rDNA circles (Guarente 2000), our results suggest
that Sir2p may promote genome stability and yeast lon-
gevity by modulating the number and distribution of
rDNA replication origins.

Results and Discussion

We present here the first quantitative analysis of the
distribution of replication origins in the repeated rDNA
array of S. cerevisiae. A combination of bromodeoxyuri-
dine (BrdU) incorporation (Lengronne et al. 2001) and the
recently developed technique of dynamic molecular
combing (DMC; Michalet et al. 1997; Herrick et al. 2000)
was used to visualize replication origins on individual
rDNA fibers. To this end, thymidine-kinase-expressing
(TK+) yeast cells were arrested in G1 with �-factor, re-
leased synchronously into S phase in the presence of
BrdU, and then chased with deoxythymidine to label
only early-replicating sequences (Supplementary Fig. 1,
see Supplementary Material at http://www.genesdev.
org). Cells were then harvested in G2/M, and chromo-
somal DNA was purified and combed on silanized cov-
erslips (Michalet et al. 1997). This procedure generated
long, parallel DNA fibers, spread with a uniform exten-
sion of 2 kb/µm (Michalet et al. 1997). To facilitate the
analysis of rDNA fibers, the yeast genome was frag-
mented prior to combing with restriction enzymes that
do not cut within rDNA repeats, releasing intact, ∼ 1.5-
Mb rDNA fragments (Fig. 1C,D). Individual repeats were
revealed along combed fibers by hybridization with a 35S
probe (Fig. 1E, red signals). The center-to-center distance
between FISH probes was measured for 40 molecules en-
compassing a total of 12.8 Mb. All measured distances
(Mean = 9.1 kb, SD = 0.8; Supplementary Fig. 1C, see
Supplementary Material at http://www.genesdev.org)
fall close to the exact size of rDNA repeats (9.1 kb),
thereby confirming the uniform extension of the DNA
molecules stretched by DMC.
To visualize newly replicated regions, rDNA fibers

were subsequently processed for both FISH and anti-
BrdU immunofluorescence. BrdU tracks of 3 rDNA units
on average were detected, with large gaps lacking active
origins (Fig. 1E; Supplementary Fig. 1D, see Supplemen-
tary Material at http://www.genesdev.org). To see
whether these tracks reflect the simultaneous activation
of contiguous origins, elongation of DNA synthesis was
blocked by the addition of hydroxyurea (HU). Under
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these conditions, forks stall ∼ 9 kb away from origins in
genomic DNA (Fig. 2A). Because replication is monodi-
rectional in the rDNA (Fig. 1B), we anticipated that a
single fork would not replicate more than one repeat (9.1
kb) before stalling. However, significantly longer signals
(18 ± 14 kb; Fig. 2B) were detected, suggesting that active
origins are clustered in the rDNA. Statistical analysis of
a large number of molecules (>12 Mb in total) confirmed
that initiation sites are not randomly distributed
(P < 0.05) but, rather, form clusters of 2–3 adjacent units,
a pattern that is reminiscent of the organization of tran-
scriptionally active genes at this locus (Muller et al.
2000). This replication pattern contrasts strikingly with
other regions of the genome, where replication initiation
sites are more evenly spaced every 46 kb (±16) on average
(Lengronne et al. 2001). This is best illustrated in Figure
2D, which shows the junction between rDNA repeats
and unique sequences on Chromosome XII. We conclude
that rDNA replication, perhaps because of its unidirec-
tional or repeated nature, has requirements that imposed
a specific replicative organization.
The 35S probe used in the previous experiments only

provides the relative position of active origins within the
array. To see whether the same replication origins are
used from fiber to fiber, a larger FISH probe located im-
mediately upstream of the rDNA cluster on Chromo-
some XII was used to align rDNA fibers relative to the
edge of the array. Ten representative fibers, encompass-
ing ∼ 200 kb, are shown in Figure 3A. No recurrent pat-
tern could be detected, suggesting that rDNA origin se-

lection is a rather dynamic pro-
cess that might be newly set up
every cell cycle. However, it
should be noticed that an epige-
netic memory of origin usage
persisting only for a few genera-
tions would not have been de-
tected in this study, which used
relatively large populations
(�106) of cells.
The most striking feature of

replicating rDNA fibers is the
presence of large gaps lacking
active origins (Fig. 2B,C). In
HU-arrested cells, we observed
that 28% of these gaps are
larger than 60 kb and represent
more than 70% (in size) of un-
replicated rDNA (Fig. 2B). This
pattern differs significantly
from that expected if origins
were randomly distributed
(P < 0.05). It also reflects a
unique property of rDNA, as
under the same experimental
conditions, large gaps represent
only 3% of unreplicated DNA
in other regions of the genome
(Fig. 2A). To check whether
large gaps might contain late-
firing origins, we recorded how
the rDNA replication pattern
evolves during a synchronous S
phase. To this aim, we mea-
sured the lengths of BrdU
tracks and gaps and plotted

them against the extent of rDNA fiber replication. We
reasoned that if rDNA is only replicated from early ori-
gins, the mean length of BrdU tracks should increase
regularly as S phase proceeds, whereas gap size should
decrease proportionally. Indeed, this showed a linear re-
lationship between the extent of replication of rDNA
fibers and the length of tracks and gaps (Fig. 3B), indicat-
ing that most rDNA origins fire in early S phase. How-
ever, we also noticed that the mean gap size shrank
slightly faster than the growth of BrdU tracks (slopes:
−0.9 and 0.8, respectively), suggesting that a few late ori-
gins might get activated from within the large gaps. The
fraction of rDNA origins ( ∼ 25%) that we found activated
in HU-arrested cells also corresponds to the total num-
ber of rDNA origins estimated by other methods (Lin-
skens and Huberman 1988; Fangman and Brewer 1991).
We can therefore conclude that S. cerevisiae rDNA is
mostly replicated from early origins, as recently shown
in Schizosaccharomyces pombe (Kim and Huberman
2001).
Because initiation at most rDNA ARS elements ap-

peared to be down-regulated, we next addressed the na-
ture of the mechanism involved in this repression. The
silencing protein complex Sir2/3/4p together with Rap1p
represses both the transcription of adjacent genes and the
initiation of adjacent origins at telomeres (Stevenson and
Gottschling 1999; Gasser and Cockell 2001). One of
these factors, the histone deacetylase Sir2p, is also found
in the nucleolus, where it modulates chromatin struc-
ture and represses reporter gene expression (Fritze et al.

Figure 1. Mapping of replication sites on individual rDNA fibers by dynamic molecular combing. (A)
Map of the 9.1-kb rDNA unit. (ARS) Autonomously replicating sequence; (RFB) replication fork barrier.
(B) Replication in the rDNA is monodirectional because of RFBs (black bars) located upstream of active
origins. Stalled forks persist until they merge with rightward-moving forks (open arrows; Brewer and
Fangman 1988; Linskens and Huberman 1988). (C) Purification of the rDNA cluster by PFGE after
fragmentation of the yeast genome with endonucleases. (Lane 1) Intact chromosomes; (lane 2) digested
with BamHI and XhoI; (arrowhead) rDNA cluster (1.5 Mb); (bracket) fragmented genomic DNA. (D)
Ribosomal DNA fibers combed on silanized coverslips after restriction digestion. DNA was stained with
YOYO-1 and visualized by fluorescence microscopy. (E) Representative rDNA fibers labeled in early S
phasewith BrdU. Individual rRNA geneswere detected by FISHwith aDIG-labeled 35S rDNAprobe (red),
and newly replicated regions (green) were visualized by indirect immunofluorescence. Bar, 50 kb. Back-
ground signals were removed for clarity (see Supplementary Fig. 1, see Supplementary Material at http://
www.genesdev.org, for raw data). The size distribution of BrdU tracks and gaps is shown in Supplemen-
tary Figure 1 (see Supplementary Material at http://www.genesdev.org).
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1997; Gotta et al. 1997). Because Sir2p is physically
bound to the region containing the rDNA ARS (Gotta et
al. 1997; Hoppe et al. 2002), we have tested whether it
could affect initiation of DNA replication at this locus
(Fig. 4A). To this aim, the distribution of active rDNA
origins was analyzed in wild-type and sir2� cells. This
analysis revealed that almost twice as many rDNA ori-
gins fired in HU-arrested sir2� cells relative to wild-type
cells (+80%; Fig. 4A,B). Strikingly, BrdU tracks were not
significantly longer in sir2� cells, but the proportion of
large (>60 kb) unreplicated gaps dropped from 28% in
wild-type cells (Fig. 2B) to only 4% in the mutant (Fig.
4B; Supplementary Table 1, see Supplementary Material
at http://www.genesdev.org). We can therefore conclude
that, in sir2� cells, additional origins are activated from
within the large gaps normally repressed by Sir2p (Fig.
4C). To confirm the effect of Sir2p on rDNA replication
by an independent method, we monitored initiation at
rDNA origins in wild-type and sir2� cells by 2D gel elec-
trophoresis (Brewer and Fangman 1987). The quantita-
tion of the bubble to Y-arc ratio in seven independent
experiments revealed a 62% (±21%) increase of origin
activity in the sir2� mutant relative to wild-type cells
(Fig. 5A,B,E). Moreover, the ectopic expression of SIR2 in
sir2� cells restored the repression at rDNA origins (Fig.
5B). Taken together, these data indicate that Sir2p affects

both the number and the distribution of active origins in
the rDNA by maintaining large domains of rDNA in a
state refractory for the initiation of DNA replication.
Sir2p is also known as a key regulator of life span in

different species, but it is not clear exactly how Sir2p
promotes longevity at the molecular level (Defossez et
al. 2001). In yeast, the short life span of sir2� mutants is
attributable mainly to the accumulation of extrachromo-
somal rDNA circles (ERCs; Kaeberlein et al. 1999). Be-
cause deletion of the FOB1 gene, which is required for
fork arrest at RFBs (Kobayashi and Horiuchi 1996; De-
fossez et al. 1999; Johzuka and Horiuchi 2002), sup-
presses both the accumulation of ERCs and the prema-
ture aging of sir2 mutants, it has been proposed that
Sir2p somehow stabilizes stalled forks to prevent DNA
breaks and recombination (Kaeberlein et al. 1999). Our
finding that Sir2p controls the frequency of origin firing
within the rDNA sheds new light on this process. In-
deed, given that RFBs are located immediately leftward
of every active origin (Fig. 1A), more initiation will in-
evitably translate into more arrested forks, which are
highly prone to recombination (Defossez et al. 1999;
Ivessa et al. 2000; Rothstein et al. 2000). Although the
causal link between RFB activity and ERCs formation
remains to be established (Ward et al. 2000; Johzuka and
Horiuchi 2002), it is therefore tempting to speculate that

Figure 2. Distribution of active origins in the rDNA cluster of HU-arrested cells. Wild-type cells (E1000) were released from �-factor into S
phase and exposed for 90 min to 0.2 M HU and 0.4 mg/mL BrdU. BrdU-labeled rDNA fibers were analyzed by DMC, as described in Figure 1.
(A) Size distribution of BrdU tracks (b) and gaps (a) in single-copy sequences of the yeast genome. A total of 12.3 Mb of DNA fibers devoid of
rDNA signals were analyzed. To allow comparison with rDNA, where replication is monodirectional, the distance covered by only one fork
is represented. (B) BrdU tracks (b) and gaps (a) in rDNA fibers. A set of representative fibers is shown in Supplementary Figure 2 (see
Supplementary Material at http://www.genesdev.org). (C) Example of long rDNA fiber (830 kb) showing very large gaps (>100 kb). (D) Junction
between the rDNA cluster and flanking sequences on Chromosome XII. Here, digestion with BamHI and XhoI was omitted. (Red) FISH probes;
(green) BrdU. Bar, 50 kb.
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Sir2p acts indirectly to limit the formation of ERCs by
reducing the number of active origins, and consequently
of stalled forks. To test this model, we monitored the
amount of stalled forks and rDNA circles in wild-type
and sir2� cells. As shown in Figure 5D, the number of
stalled and converged forks increased significantly in
sir2� cells (43% ± 7%). This correlated with a sharp el-
evation of ERCs in sir2� cells (Fig. 5F), as shown earlier
(Kaeberlein et al. 1999). To substantiate an eventual cau-
sal link between increased origin firing and accumula-
tion of rDNA circles, we then tested whether an unre-
lated mutation that lowers replication initiation fre-
quency (such as in the origin recognition complex, ORC)
might suppress the accumulation of ERCs in sir2� cells.
Hence, sir2� orc2-1 cells were grown at permissive tem-
perature, conditions that reduce origin activity by ∼ 50%
(Liang et al. 1995). Interestingly, this led to a threefold
reduction in the amount of ERCs (Fig. 5G), suggesting
that the formation of circular rDNA species is coupled to
the frequency of origin firing. Therefore, we propose that
Sir2p suppresses rDNA recombination and extends yeast
life span at least partly by lowering the number of active
origins within the rDNA. Furthermore, because its

deacetylase activity is regulated by NAD+
levels (Imai et al. 2000; Defossez et al.
2001), an attractive possibility could be
that Sir2p modulates rDNA replication and
recombination (generating ERCs as a by-
product) to expand/contract the size of the
rDNA array according to the metabolic ac-
tivity of cells (Kobayashi et al. 1998).
In most eukaryotes, the rDNA is com-

posed of long tandem repeats that are rep-
licated pseudo-monodirectionally because
of the presence of polar RFBs next to the
35S transcription termination site. It is
generally believed that RFBs evolved to
avoid or limit collision between RNA and
DNA polymerases, however at the cost of
increased recombination at arrested forks
(Hyrien 2000). One way to dampen the lat-
ter would be to organize the replication of
this locus so as to limit in space or time the
number of arrested forks. We report here
that replication origins are not distributed
evenly in the rDNA, but form clusters of
2–3 consecutive units that are separated by
large regions where origins are silenced.
This organization differs from the rest of
the yeast genome and depends on the his-
tone deacetylase Sir2p. The increased num-
ber of active origins and shorter distance
between arrested forks in sir2� mutants
may largely account for some of their phe-
notypes. Indeed, the link between rDNA
replication, recombination, and genomic
instability is corroborated by other muta-
tions, such as in the Rrm3p DNA helicase,
which also induce replication pausing and
rDNA recombination (Ivessa et al. 2000).
Furthermore, our results indicate that even
in yeast, the choice of replication origins
can be dictated by epigenetic mechanisms,
which are susceptible to rapid and meta-
stable variations. In this context, it is inter-
esting to note that phenotypic switching in

Candida albicans is controlled by an Sir2p ortholog and
via events that include rDNA recombination and chro-
mosome rearrangements (Perez-Martin et al. 1999). More
practically, we believe that the single-molecule approach
described here will be especially valuable to map repli-
cation origins in higher eukaryotes, where cell-to-cell
variations of origin usage might be common and epige-
netic selection the rule rather than the exception.

Materials and methods
Strains and synchronization procedures
Congenic E1000 (MATa, ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15
ura3-1 GAL, ura3::URA3/GPD-TK7x), E1244 (MATa, sir2::HIS3, TK+),
E1385 (MATa, sir2::HIS3, hml::LEU2, TK+), E1410 (MATa, fob1::URA3,
TK+), E1314 (MATa, orc2-1, TK+), and E1612 (MATa, sir2::HIS3, hml::
LEU2, orc2-1, TK+) cells were grown in complete synthetic medium at
25°C (Rose et al. 1990). Cells were synchronized in G1 with 2 µg/mL
�-factor (E1000 and E1385) or by centrifugal elutriation (E1244) and were
released into S phase in the presence of 0.4 mg/mL BrdU by the addition
of 50 µg/mL pronase (Calbiochem). Incubation in 0.2 M hydroxyurea for
90 min after release from the G1 block was used to block elongation
(Lengronne et al. 2001). To induce SIR2 in sir2� cells, the E1244 strain
was transformed with a plasmid bearing SIR2 under the control of a
galactose-inducible promoter [gift of M. Cockell (Institut Suisse de Re-

Figure 3. Spatial and temporal distribution of initiation events in yeast rDNA. (A)
Alignment of BrdU-labeled rDNA fibers relative to the edge of the array. Genomic DNA
prepared from HU-arrested wild-type cells (E1000) was analyzed by DMC as described
in Materials and Methods. A 10-kb PCR fragment, located immediately upstream of the
array (pos. 441,034–450,816 bp) was used as a FISH probe. Representative fibers are
shown. (Red) FISH probes; (green) BrdU. Bar, 50 kb. (B) Wild-type cells (E1000) were
released synchronously into S phase from an �-factor arrest. Samples were collected at
regular intervals throughout the S phase, and rDNA replication was analyzed by DMC
as described in Figure 2. The mean length of BrdU tracks and gaps was scored for 48
rDNA molecules (average size, 470 kb; total, 22.4 Mb) and was plotted as a function of
fiber substitution (10%–80%). The coefficient of regression (r2) and the slope (b) of the
regression line (red) are indicated for each set of data.
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cherche Expérimentale sur le Cancer, Lausanne, Switzerland)] and grown
overnight in synthetic medium complemented with 1% raffinose and
0.3% galactose.

DNA combing
Genomic DNA was purified in agarose plugs, stained with YOYO-1 (Mo-
lecular Probes), and resuspended in 50 mM MES (pH 5.5) at a concentra-
tion of 200 ng/mL in a Teflon reservoir. DNA combing was performed as
described previously (Michalet et al. 1997; Lengronne et al. 2001). Sila-
nized coverslips (22 × 22 mm) were dipped into the DNA solution for 5
min and pulled out at a constant speed (0.3 mm/sec). Coverslips were
baked at 60°C overnight, mounted on microscope
slides, and stored at −20°C until use. We verified
that replication intermediates in HU-exposed
samples did not interfere with DNA combing by
comparing the distribution of rDNA probes along
linear and branched rDNA fibers.

FISH and BrdU detection
Coverslips were incubated for 30 min in 1 N NaOH
to denature the DNA and neutralized in PBS (pH
7.5). Hybridization was performed at 37°C overnight
in 2× SSC, 50% formamide, 10% dextran sulfate, 50
mM sodium phosphate (pH 7.0) with 1 ng/mL of a
DIG-labeled 35S probe (3 kb). Coverslips were
washed with 2× SSC, 50% formamide, and 2× SSC,
and were processed for immunofluorescence. DIG
and BrdU epitopes were detected, respectively, with
a mouse monoclonal antibody (Roche) and a rat
monoclonal antibody (Sera Lab) as described (Len-
gronne et al. 2001).

Statistical and computer analyses
For each experiment, a total of >12 Mb of rDNA
fibers ( ∼ 250 kb on average) were analyzed. Images
were recorded with a Leica DMRA microscope
coupled to a Hamamatsu CCD camera, and signals
were measured with MetaMorph tools (Universal
Imaging Corp.). Physical distances were converted
into base pairs (1 pixel = 340 bp = 170 nm) using �

DNA molecules as size standard. To test whether
the distribution of active rDNA origins differed
from a random distribution, a set of 2000 virtual
rDNA arrays (150 repeats each) was generated with
a Visual Basic program. The active/inactive state of
replication origins was sequentially drawn for the
150 repeats, using initiation rates derived from ex-

perimental observations (Supplementary Table 1, see
Supplementary Material at http://www.genesdev.
org). For each theoretical array, the occurrence of
single origins and origin clusters (e.g., 2, 3, 4 con-
tiguous active origins) was recorded. Observed fre-
quencies were considered as significantly different
from random (P < 0.05) when they fell outside of the
full range of frequencies (95%) drawn for the 2000
random molecules. For example, in wild-type cells
exposed to HU, solitary origins appeared to be sig-
nificantly less abundant than expected from a ran-
dom distribution, whereas clusters of 2 to 3 origins
were statistically enriched.

Pulsed-field gel electrophoresis, 2D gels, and
ERC analysis
PFGE was performed as described (Lengronne et al.
2001). 2D gel analysis was performed as indicated in
Brewer and Fangman (1987). To monitor the
amount of ERC species, genomic DNA was isolated
following a glass-beads procedure (Rose et al. 1990),
and samples were separated on a 0.7% agarose gel
run at 1 V/cm for 22 h in 1× TAE. Alternatively,
genomic DNA was prepared in agarose plugs to
limit shearing of chromosomes (Lengronne et al.

2001). Quantification of autoradiograms was performed by storage phos-
phor imaging (Amersham).
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